Key Points {#d30e229}
==========

Early age identification and treatment of patients with hepatitis C infection would limit non-response and advanced liver disease and associated non-drug-related costs. A weight-loss programme should further be considered in the management of treatment-experienced patients with chronic hepatitis C.The achievement of a sustained virologic response at week 12 is associated with significant reduction in non-drug-related costs, an effect that is strongly dependent on both liver disease severity and baseline viral load. This study advocates for a close monitoring of liver disease fibrosis together with (and not independently from) baseline viral load when caring for treatment-experienced patients with chronic hepatitis C.Finally, in clinical practice, the choice of treatment for experienced patients with chronic hepatitis C should be guided primarily by the safety profile and the risk of adverse events of the direct-acting antiviral agents.

Introduction {#Sec1}
============

Hepatitis C virus (HCV) is the leading cause of chronic hepatitis C (CHC), liver cirrhosis, hepatocellular carcinoma and liver transplantation \[[@CR1], [@CR2]\]. HCV infection accounts for 33 % and 20 % of total liver cancer in developing and developed countries, respectively \[[@CR3]\]. Hence, CHC is acknowledged as a major public health problem. The disease burden of HCV in Europe is currently at its peak given the prolonged time-course of the condition---individuals that were infected in the 1980s (when the disease propagation outbreak was significant) are currently developing cirrhosis \[[@CR4], [@CR5]\]. The clinical management requires efficacious drugs that stop the progression of the disease and reduce the number of HCV-infected patients that could potentially develop complications. Consequently, the limitations of the dual therapy pegylated interferon plus ribavirin (PegIFN/R, former standard of care) and of the first generation of direct-acting agents \[telaprevir (TVR) and boceprevir (BCP)\] prompted the development of new therapies including simeprevir (SMV) with improved tolerability, applicability and compliance profiles as compared to TVR triple therapies (i.e., in combination with PegIFN/R) \[[@CR6]--[@CR9]\]. As new regimens may come at a higher price, decision makers also need to understand patient and treatment characteristics that influence resource use, and thus the total healthcare costs. This is shown by the cost effectiveness of new antiviral drugs that can be further improved by efficient use and savings in medical resources. Although it should be noted that drug costs, in particular direct-acting agents, constitute 80--90 % of the total direct cost \[[@CR10]--[@CR13]\] and about 50 % of the total direct and indirect costs \[[@CR14]\] in patients with CHC. Understanding the parameters associated with high healthcare costs may then be useful in improving efficiency in care delivery for patients with high-cost CHC. This is particularly relevant for disease management programmes aiming at improving the welfare of patients with chronic conditions that generally consume more healthcare services, including physician visits, specialist visits and hospital care \[[@CR15], [@CR16]\].

Backx et al. recently quantified the medium-term difference in medical resource utilization (MRU) and related costs based on response status to PegIFN/R treatment \[[@CR17]\]. They reported per patient per year non-drug costs of £806 and £506 for retreated and non-retreated patients with CHC, respectively. The additional non-drug-related costs for the retreated patients were mainly attributable to increased numbers of outpatient visits and HCV RNA tests related to treatment monitoring. Consequently, care for patients with CHC who failed to achieve a sustained virologic response (SVR, a marker of viral clearance and of cure) places a significant economic burden on health services \[[@CR18]\]. However, the existing literature poorly characterizes factors that predict high and low MRU and related costs, especially in treatment-experienced patients infected with genotype 1 HCV. The purpose of this study was to determine whether a significant relationship exists between baseline demographics, clinical characteristics and treatment features and non-drug MRU-related costs among treatment-experienced patients. Medical resource data collected alongside the ATTAIN pivotal trial (Simeprevir vs Telaprevir with Peginterferon and Ribavirin in Previous Null or Partial Responders with Chronic Hepatitis C Virus Genotype 1 Infection) were used for this purpose. In addition, this study looked at how SMV/PegIFN/R and TVR/PegIFN/R affected MRU and associated costs.

Methods {#Sec2}
=======

Study Design {#Sec3}
------------

The ATTAIN trial was a phase III, randomized, double-blind, non-inferiority trial set up to evaluate the efficacy, safety and tolerability of SMV/PegIFN/R versus TVR/PegIFN/R triple regimens in CHC genotype 1 infected patients who were prior partial or null responders to PegIFN/R therapy. The study comprised a 48-week treatment phase followed by a post-therapy period up to 72 weeks after the start of the treatment. MRU data were collected alongside the trial and included hospitalization days, nights in the intensive care unit as well as emergency room, gastroenterologist, hepatologist, psychiatrist, psychologist, infectious disease specialist, nurse, primary care physician, surgeon, social worker, home and other (physiotherapist) visits.

Cost Data {#Sec4}
---------

The UK NHS perspective was considered to estimate MRU-related unit costs. Unit costs for each resource were derived from NHS reference costs \[[@CR19]\] or the 'Unit Costs of Health and Social Care' from the Personal Social Services Research Unit (PSSRU) \[[@CR20], [@CR21]\]. Costs were inflated to 2014 values using the medical component of the Consumer Price Index \[[@CR22]\]. The unit costs are summarized in Table [1](#Tab1){ref-type="table"}. The total MRU-related cost per patient was calculated by multiplying each resource by its unit costs and then summing the individual MRU-related costs for each patient or treatment arm. Thus, this study applies only to service care provision, as costs related to tests, procedures and medications were not analysed.Table 1Unit cost per medical resource (£, UK tariff)Unit cost (£) 2011--2012Inflation correction to 2014First attendanceFollow-up attendanceFirst attendanceFollow-up attendanceEmergency room visit122.0033.00130.5735.32Gastroenterologist visit164.0045.00175.5248.16Hepatologist visit216.0027.00231.1728.90Infectious disease specialist visit280.00164.00299.67175.52Psychiatrist visit178.00178.00190.50190.50Psychologist visit56.00157.0059.93168.03Surgeon visit145.00112.00155.18119.87Home visit70.0029.0074.9231.04Nurse visit21.0021.0022.4722.47Night in intensive care unit868.00868.00928.96928.96Primary care physician visit^a^54.0054.0063.7163.71Social worker visit^a^30.0030.0035.3935.39Night in hospital^b^235.00235.00287.30287.30Other visit^c^43.00-46.02-Tariff data were taken from National Schedule of Reference Costs 2011--2012 unless stated otherwise^a^Curtis L. Unit Costs of Health and Social Care 2008. Personal Social Services Research Unit (PSSRU), University of Kent, 2008^b^Curtis L. Unit Costs of Health and Social Care 2007. Personal Social Services Research Unit (PSSRU), University of Kent, 2007^c^A conservative estimate of the unit costs for physiotherapy was applied because the majority of 'other visits' were related to physiotherapy and other types of visits in this category were typically more expensive

Statistical Analyses {#Sec5}
--------------------

### Dataset {#Sec6}

The analysis was based on the 72-week study period that included treatment and follow-up phases. For each patient, data on demographics \[age, gender, geographical region and baseline body mass index (BMI)\], clinical characteristics \[baseline viral load (BLVL), IL28B polymorphism, F3--F4 fibrosis score, prior response to PegIFN/R\] and treatment features \[treatment status (SMV/PegIFN/R vs TVR/PegIFN/R), SVR12 achievement and adverse events\] were gathered. With respect to treatment features, adverse events encompassed anaemia, bilirubin, neutropenia, pruritus, rash and absence of any of these adverse events. An additional categorical variable level was created to account for joint occurrences or potential interactions between each of the selected adverse events and the others. Capturing first-order to fourth-order interactions would have entailed an additional 20 covariates, which could result in convergence issues. Patients with missing data and total MRU-related cost outliers were excluded from the analysis. To identify outliers, a simple ordinary least square (OLS) regression was fitted to total MRU-related costs while controlling for all factors. Total MRU-related costs with studentized statistical residue outside the range −2 to 2 were considered as outliers and removed from the database.

### Data Analysis {#Sec7}

A two-step approach was undertaken to tackle the objective of the study. The first step consisted of determining the relationship between total MRU-related costs and each of the various patient and treatment variables. Analysis of variance and simple OLS regressions were used for categorical and continuous variables, respectively. For those categorical variables that showed significance at the 5 % level, Tukey's HSD (honestly significant difference) post hoc test was used to detect where the difference lies between levels. Multivariable regression was then used in a second step to provide the independent contribution of each of the patient and treatment variables to the prediction of total MRU-related costs. For that, variables with linear effects were used as explanatory variables in a stepwise multiple OLS regression that aimed at determining the strongest and most effective predictors of total MRU-related costs. The rationale behind the use of OLS regression, despite the skewed distribution of total MRU-related cost data, was that inferences could be made about the arithmetic mean; the most informative measures for healthcare policy decision makers \[[@CR23]\].

Checks were then performed to validate the results of the multivariable regression analyses, including non-parametric bootstrapping to assess the robustness of confidence intervals and *p* values to non-normality in the total MRU-related costs distribution \[[@CR24]\]. Additionally, results of the multivariable OLS regression models were systematically compared with those obtained from a stepwise generalized linear model (GLM) where a gamma distribution was assumed for total MRU-related costs. Of note, this validation exercise takes into account only patients with a positive cost \[[@CR25]\]. Chi-square statistics were used to validate GLM models, and descriptive statistics and Wilcoxon-rank sum test conducted to compare the pattern of MRU-related costs between SMV/PegIFN/R and TVR/PegIFN/R.

Co-linearity between independent variables was evaluated through the calculation of the variance inflation factor (VIF). A VIF score \>2 was taken as an indication of multicollinearity in multivariable regressions. *p* values associated with regression coefficients between 1 % and 5 % were considered at the borderline of statistical significance; an indication of possible interaction with other variables. These potential interactions between variables and the extent to which they were associated with total MRU-related costs were further investigated. Finally, to provide further insight into the interaction effects, a series of stepwise OLS, logistic and multinomial regression analyses was conducted for numeric, two-level and more than two-level categorical variables, respectively. Statistical analyses were carried out in R (<http://www.r-project.org/>).

Results {#Sec8}
=======

Dataset {#Sec9}
-------

The intention-to-treat (ITT) population included 763 prior non-responders to PegIFN/R. Data screening for outliers resulted in excluding 18 data points. The removal of the outliers was deemed appropriate given that the adjusted *R*^2^ of the two OLS models fitted to the total MRU-related costs (one model including the outliers, the other not) were virtually similar (data not shown). Thirty-six patients with incomplete data were further excluded from the analysis. The final set of 709 patients was then used to compute regression models and descriptive statistics for MRU-related costs. This is equal to 93 % of the ITT population.

Total MRU-Related Costs {#Sec10}
-----------------------

For the entire trial population, total MRU-related costs per patient averaged £363.34 ± standard deviation (SD): £746.45; median: £63.71; interquartile range (IQR): £318.53; indicating positive skewness of the costs (Fig. [1](#Fig1){ref-type="fig"}). To determine the resources that contributed the most to total MRU-related costs, univariate OLS regression analyses were fitted to total MRU-related costs while controlling for each type of medical resources. The variation in total MRU-related costs was found to be mainly attributable to nights in hospital (63 %, data not shown).Fig. 1Histogram of total medical resource utilization (MRU)-related costs (£) for the prior non-responders to pegylated interferon and ribavirin (PegIFN/R) in the ATTAIN trial. The *x* axis represents the range of non-drug total MRU-related costs, calculated as follows: unit costs for each of the selected resources were multiplied by the number of visits made by each patient. Costs across the medical resources were then summed up for each of the patients. Costs were then grouped into ten bins and frequency calculated accordingly

Univariate Predictors of Total MRU-Related Costs and Interaction Terms {#Sec11}
----------------------------------------------------------------------

To identify patient demographics (clinical characteristics and treatment features that can influence total MRU-related costs), univariate analyses were performed. The results from this analysis are shown in Table [2](#Tab2){ref-type="table"}. For patient demographics, higher costs were found to be significantly associated with higher age (*p* \< 0.001). Each additional year of age was associated with an average increase of £8.98 in total MRU-related costs. In addition, differences were found across the various regions (*p* \< 0.05). Tukey's HSD analyses revealed higher costs in North America compared with South American regions, with a mean difference of £326.91 (*p* \< 0.05, data not shown). Gender and BMI were found to be at the borderline significance level in their contribution to explaining the variation in costs (*p* \< 0.1). For the clinical characteristics, patients with severe liver fibrosis (F3--F4 METAVIR score) incurred higher costs than those with mild to moderate liver fibrosis (F0--F2 METAVIR score), with a mean difference of £198.21 (Tukey's HSD test, *p* \< 0.001). Finally, for the treatment features, the association between SVR12 and costs was borderline significant.Table 2Univariate predictors of total MRU-related costs*N*£ Mean MRU-related costs (£ standard deviation)*P* valuea) Results of analysis of variance for categorical variablesGender\<0.1^c^Female276425.45 (844.27)Male433323.75 (674.83)Region\<0.05Asia-Pacific16609.97 (769.68)Europe513351.07 (751.89)North-America110503.51 (829.32)South-America70176.61 (474.95)IL28B0.661CC32333.93 (557.08)CT462381.99 (793.62)TT215327.64 (662.96)Treatment status0.585Simeprevir350347.84 (731.41)Telaprevir359378.46 (761.55)F3-F4\<0.001No440288.14 (606.54)Yes269486.34 (919.17)Prior response0.641Null responder435373.72 (772.09)Partial responder274346.85 (704.91)SVR12\<0.1^c^No328419.69 (809.47)Yes381314.83 (684.97)Adverse events0.288Anaemia64334.77 (719.41)Bilirubin7567.69 (575.77)Multiple adverse events298443.26 (807.88)Neutropenia44299.07 (618.37)Pruritus97332.49 (710.56)Rash33246.42 (545.87)Other adverse events^a^166280.58 (728.19)*N*Mean MRU-related costs (standard deviation)*P* value^b^*R* ^2^ (%)b) Results of linear regression for continuous variablesAge\<0.0011.641Age \< 51343266.65 (635.80)Age ≥ 51366453.95 (827.65)Baseline body mass index (BMI)\<0.1^c^0.442BMI \< 26.4351334.90 (694.03)BMI ≥ 26.4358391.22 (794.49)Baseline viral load (BLVL)0.3030.150BLVL \< 3,650,000354380.15 (752.62)BLVL ≥ 3,650,000355346.58 (740.93)Results for continuous variables are presented in two groups split at the median value, though regression analyses were performed on the entire set of data*BLVL* baseline viral load in per million IU/mL, *BMI* body mass index in kg/m^2^, *MRU* medical resource utilization, *SVR12* sustained virologic response at week 12^a^Other adverse events correspond to any adverse event except anaemia, neutropenia, pruritus and rash and their combinations^b^ *p* values associated with linear regression for continuous variables are those of the regression models^c^ *p* value at the borderline of the 5 % significance level

After identifying interaction effects, the variables that showed borderline significance levels (gender, BMI and SVR12) were further investigated. However, prior to studying these interactions through multivariable regression analyses, tests for multicollinearity were conducted. Results revealed VIF values \<2, indicating that significant multicollinearity was not present in the selected predictor variables.

For the interactions between gender and any other covariates, multivariable OLS regression with total MRU-related costs as the dependent variable did not reveal significant first-order interaction effects. However, significant second-order interaction effects were identified between gender × F3--F4 × BLVL (*p* \< 0.05) (data not shown).

For the interactions between BMI and any other covariates, no significant first-order interaction effects were found, although BMI × F3--F4 was found to be borderline significant (data not shown). Subsequent examination led to identification of the following three second-order interaction terms: BMI × F3--F4 × prior response to PegIFN/R (*p* \< 0.05), BMI × F3--F4 × therapy (*p* \< 0.1) and BMI × F3--F4 × region (*p* \< 0.05). The model with the interaction term BMI × F3--F4 × therapy did not yield to higher predictive power than the one with only the interaction term BMI × F3--F4. Therefore, the second model was rejected and no third-order interaction was investigated. With the BMI × F3--F4 × region model, the relatively large standard error of the coefficient and the small number of the Asian-Pacific patients limited the confidence in this finding and led also to the rejection of this model (data not shown).

For the interactions between SVR12 and any other covariates, the coefficient associated with the second-order interaction term gender × SVR12 × BLVL was found to be significant at the 5 % level (data not shown).

Overall, the results described above were confirmed by GLM models with a gamma log link function fitted to total MRU-related costs with the same set of predictors. In summary, age, region and the interaction terms gender × F3--F4 × BLVL, BMI × F3--F4 × prior response to PegIFN/R and gender × SVR12 × BLVL were significantly associated with total MRU-related costs.

Multivariable Predictors of Total MRU-Related Costs {#Sec12}
---------------------------------------------------

The independent contribution of the predictors that showed significant univariate correlation to total MRU-related costs was examined next. Stepwise multivariable OLS and GLM regression models were fitted to total MRU-related costs while controlling for the following variables: age, region and the interaction terms gender × F3--F4 × BLVL, BMI × F3--F4 × prior response to PegIFN/R and gender × SVR12 × BLVL. The coefficients of the following variables and interaction terms were significantly different from zero in the multivariable OLS (Table [3](#Tab3){ref-type="table"}) and GLM (Table S1, see electronic supplementary material \[ESM\]) models: age (*p* \< 0.05), region (South America) (*p* \< 0.05), gender (male) × F3--F4 (Yes) × BLVL (*p* \< 0.05), and BMI × F3--F4 (Yes) × prior response to PegIFN/R (partial responder) (*p* \< 0.05). The second-order interaction term gender (male) × SVR12 (yes) × BLVL was not detected as significant.Table 3Multivariable predictors of non-drug total MRU-related costsEstimateStandard error*p* valueIntercept−127.702295.9130.666Age5.8632.769\<0.05SVR12 (yes)72.339124.6060.562Gender (male)−90.826142.9680.526BLVL^a^−6.09614.3400.671F3--F4 (yes)201.502435.0200.643BMI^a^6.66110.1280.511Prior response to PegIFN/R (partial responder)−634.333452.6220.162Region (North America)65.03281.9070.428Region (South America)−223.60293.597\<0.05Region (Asia--Pacific)196.021184.9830.290SVR12 (yes): gender (male)−75.284159.4960.637SVR12 (yes): BLVL4.52716.4650.783Gender (male): BLVL31.29717.2970.071Gender (male): F3--F4 (yes)76.563164.5000.642BLVL: F3--F4 (yes)13.92115.7670.378F3--F4 (yes): BMI−1.29315.1950.932BMI: prior response (partial response)21.03216.7960.211F3--F4 (yes): prior response (partial response)1869.356731.496\<0.05Gender (male): SVR12 (yes): BLVL−32.33620.4690.115Gender (male): F3-F4 (yes): BLVL−49.35621.578\<0.05BMI: F3-F4 (yes): prior response (partial response)−64.90426.568\<0.05A stepwise multivariable OLS regression model was fitted to total MRU-related costs while controlling for the following factors: age, region, baseline BMI × F3--F4 × prior response to PegIFN/R, gender × F3--F4 × BLVL and gender × SVR12 × BLVL. Interaction terms were identified in univariate analyses as factors with linear effects on total MRU-related costs. The outcome of the present analysis was further confirmed by a generalized linear model where a gamma distribution was assumed for total MRU-related costs*BMI* body mass index, *BLVL* baseline viral load, *MRU* medical resource utilization, *OLS* ordinary least square, *PegIFN/R* pegylated interferon and ribavirin, *SVR12* sustained virologic response at week 12*R* ^2^ = 0.088, *p* \< 0.001^a^BLVL in per million IU/mL, BMI in kg/m^2^

Table [3](#Tab3){ref-type="table"} indicates that there was an average increase of £5.86 in total MRU-related costs for each additional year in patient's age (*p* \< 0.05). With the interaction terms, a reduction of £64.90 on average total MRU-related costs was observed in prior partial responders to PegIFN/R with severe liver fibrosis compared with equivalent prior null responders across BMI values. Similarly, a reduction of £49.36 on average total MRU-related costs was identified in male patients with severe liver fibrosis compared with equivalent female patients across BLVL values. With respect to the variable region, analyses showed that total MRU-related costs tend to be reduced by £223.60 on average in South America compared with Europe (*p* \< 0.05). The coefficient associated with the interaction term gender (male) × SVR12 (yes) × BLVL was not significantly different from zero in both the OLS and GLM models, and age was not detected in the GLM model.

In summary, age, region and interaction effects between gender, F3--F4, BLVL, BMI and prior response to PegIFN/R were identified as the most parsimonious set of predictors for total MRU-related costs. Bootstrap regression analyses also confirmed the outcome of the multivariable OLS regression model.

Effect of the Interaction Terms {#Sec13}
-------------------------------

Two approaches were used to gain insight into the interaction terms. First, simple effects (i.e. the effect of one independent variable at fixed values of the others) were calculated. For this purpose, stepwise multivariable OLS and logistic regression models were fitted to numeric and categorical variables captured in second-order interaction terms, while controlling for other patient demographics and treatment features. Age and region were also included in the assessment.

A Stepwise logistic regression analysis using gender as the dependent variable revealed significant correlations of this variable with BLVL and adverse events (Table S2, see ESM). The odds of experiencing anaemia \[odds ratio (OR) 0.20; 95 % CI 0.10--0.37; *p* \< 0.001\] and multiple adverse events (OR 0.39; 95 % CI 0.26--0.59; *p* \< 0.001) was lower in male than in female patients. The likelihood of having high BLVL values was similar between genders. A borderline significant correlation was observed between age and male gender, suggesting that the male patients were a bit older than the female patients in our sample.

A stepwise multivariable logistic regression with F3--F4 as the dependent variable revealed three main factors: SVR12, age and BMI (Table S3, see ESM). Patients with severe liver fibrosis (F3--F4) had a lower chance of achieving SVR12 compared with those with mild to moderate liver fibrosis (F0--F2; OR 0.63; 95 % CI 0.46--0.86; *p* \< 0.01). Likewise, higher age and higher BMI were associated with higher odds of developing severe liver fibrosis (F3--F4): OR 1.06 (95 % CI 1.04--1.07; *p* \< 0.001) and 1.05 (95 % CI 1.01--1.08; *p* \< 0.05), respectively.

A stepwise multivariable logistic regression with prior response to PegIFN/R as the dependent variable revealed a significant correlation with SVR12 and IL28B (Table S4, see ESM). Prior partial responders to PegIFN/R were more likely to achieve SVR12 than prior null responders (OR 2.85; 95 % CI 2.06--3.94; *p* \< 0.001). With an OR of 2.43 (95 % CI 1.13--5.23), prior partial responders to PegIFN/R were more likely to have the CC genotype than prior null responders to PegIFN/R (*p* \< 0.05). Borderline significance was observed between age and prior partial responders to PegIFN/R, indicating that this subgroup tends to be older than the prior null responders subgroup in our sample.

The variables that proved to be strongly associated with SVR12 in a stepwise multivariable logistic regression were region, prior response to PegIFN/R, F3--F4 and adverse events (Table S5, see ESM). Results related to prior response to PegIFN/R and F3--F4 were confirmed in previous analyses (Table S3, S4, see ESM). North American treatment-experienced patients were less likely to achieve SVR12 compared with European ones (OR 0.50; 95 % CI 0.32--0.78; *p* \< 0.05). For patients who achieved SVR12, there was an increase in the odds of having multiple adverse events (OR 2.04; 95 % CI 1.36--3.06; *p* \< 0.01) or neutropenia (OR 2.74; 95 % CI 1.32--5.66; *p* \< 0.01). Borderline significance was further found between SVR12 and South America, anaemia or pruritus.

Age, BMI and SVR12 were found to be significantly correlated to region in a stepwise multinomial regression analysis (Table S6, see ESM). Older patients in the selected population were more likely to be North American patients than European patients \[relative risk (RR) 1.06; 95 % CI 1.03--1.09; *p* \< 0.001\]. North American patients were also more likely to have a higher BMI than European patients (RR 1.16; 95 % CI 1.11--1.22; *p* \< 0.001). Finally, North American (RR 0.48; 95 % CI 0.31--0.75; *p* \< 0.01) and South American (RR 0.59; 95 % CI 0.35--0.97; *p* \< 0.05) patients were less likely to achieve SVR12 compared with European patients.

Three additional multivariable OLS regressions were conducted with age, BMI and BLVL as dependent variables. Age was significantly associated with F3--F4, BMI, BLVL and adverse events (Table S7, see ESM). Patients with severe liver fibrosis (F3--F4) were on average 5 years older than those with mild to moderate liver fibrosis (F0--F2; *p* \< 0.001). Similarly, strong positive correlations between age and BMI (*p* \< 0.001) and age and BLVL (*p* \< 0.05) were found. Patients with anaemia were on average 6 years older than those with none of the selected adverse events (*p* \< 0.001). The same was true for patients experiencing multiple adverse events, who were on average 3 years older than those with none of the selected adverse events (*p* \< 0.05). It was further found that BMI had a protective effect against anaemia and multiple adverse events given that patients who experienced these events had on average a lower BMI than those who did not (*p* \< 0.05) (Table S8, see ESM). Finally, a strong correlation was found between BLVL and age (*p* \< 0.05) and IL28B (*p* \< 0.001) (Table S9, see ESM). Treatment-experienced patients with the TT genotype had, on average, two per million IU/mL BLVL lower than those with the CT genotype.

Interaction effects were also explored graphically. Figure [2](#Fig2){ref-type="fig"} shows that male patients with severe liver fibrosis (F3--F4) had a lower BLVL than equivalent female patients. In addition, patients who were prior null responders with severe liver fibrosis had higher average BMI than equivalent patients who were partial responders. This illustrates that the direction and the magnitude of the correlations with BLVL and BMI can differ significantly by subgroup.Fig. 2Average baseline viral load in female and male patients with severe liver fibrosis and average BMI in prior non-responders to PegIFN/R with severe liver fibrosis. The graph on the *left-hand side* captures variables in the second-order gender × BLVL × F3--F4 interaction term. Average baseline viral load was plotted by gender levels for patients with severe liver fibrosis. The graph on the *right-hand side* captures variables in the F3--F4 × BMI × prior response to PegIFN/R interaction term. Average baseline BMI is segmented by levels of prior response to PegIFN/R in patients with severe liver fibrosis. *BMI* body mass index, *BLVL* baseline viral load, *PegIFN/R* pegylated interferon and ribavirin

Predictors of On-Treatment Adverse Events {#Sec14}
-----------------------------------------

The association between adverse events and some of the predictors of total MRU-related costs prompted the analysis of the factors associated with on-treatment adverse events. Figure [3](#Fig3){ref-type="fig"} shows that the occurrence of the selected adverse events was relatively higher in the TVR/PegIFN/R-treated group than in the SMV/PegIFN/R-treated group, and therefore the absence of events was lower. Moreover, the occurrence of multiple adverse events was much higher across all treatment groups than the occurrence of any single adverse event. Multiple adverse events among female patients treated on TVR/PegIFN/R were the most commonly observed events. Further investigation of the factors associated with adverse events through multinomial regression analyses revealed that the risk of experiencing anaemia (RR 2.53; 95 % CI 1.37--4.68), pruritus (RR 2.39; 95 % CI 1.43--4.00), rash (RR 2.72; 95 % CI 1.26--5.87) and multiple adverse events (RR 2.54; 95 % CI 1.69--3.81) was significantly higher in the TVR/PegIFN/R arm than in the SMV/PegIFN/R arm (Table [4](#Tab4){ref-type="table"}). In agreement with the simple effect analysis of the interaction terms, the correlations between age, gender, BMI, SVR12 and adverse events were further confirmed.Fig. 3Distribution of SVR12 achievers by therapy, gender and adverse events. Absence refers to patients that did not report any of the selected adverse events (i.e. anaemia, bilirubin, neutropenia, pruritus and rash). *PegIFN/R* pegylated interferon and ribavirinTable 4Multivariate analysis of the predictors of adverse events in patients treated with SMV/PegIFN/R or TVR/PegIFN/RAgeGender (male)Body mass index^a^Therapy (telaprevir)SVR12 (yes)RR95 % CI*p* valueRR95 % CI*p* valueRR95 % CI*p* valueRR95 % CI*p* valueRR95 % CI*p* valueAnaemia1.0761.042--1.112\<0.0010.2140.114--0.402\<0.0010.9120.848--0.980\<0.052.5301.369--4.676\<0.011.6810.911--3.1000.096Biluribin0.9940.926--1.0670.8600.9470.174--5.1540.9500.8920.730--1.0900.2641.3880.298--6.4600.6760.4650.086--2.5110.374Multiple adverse events1.0281.008--1.049\<0.010.4040.264--0.618\<0.0010.9450.903--0.990\<0.052.5381.692--3.808\<0.0011.8681.248--2.794\<0.01Neutropenia0.9940.963--1.0270.7261.3650.617--3.0160.4430.9800.905--1.0610.6151.1950.599--2.3860.6132.4841.233--5.006\<0.05Pruritus0.9930.968--1.0180.5600.9320.531--1.6350.8061.0080.953--1.0670.7712.3911.430--3.999\<0.0011.4130.847--2.3590.186Rash0.9840.947--1.0230.4161.8800.714--4.9520.2011.0831.001--1.171\<0.052.7241.264--5.873\<0.050.8960.412--1.9490.782A stepwise multinomial regression model was fitted to the variable 'adverse events', which included the following levels: anaemia, biluribin, multiple, neutropenia, pruritus, rash and the absence of the selected adverse events (reference level). The level 'multiple' captures all the possible combinations of anaemia, biluribin, neutropenia and pruritus. All the patient characteristics and treatment features were used as potential predictors of the dependent variable 'adverse events'*CI* confidence interval, *PegIFN/R* pegylated interferon and ribavirin, *RR* relative risk, *SMV* simeprevir, *SVR12* sustained virologic response at week 12, *TVR* telapravir^a^Body mass index in kg/m^2^

Comparison of Total MRU-Related Costs Between SMV/PegIFN/R and TVR/PegIFN/R {#Sec15}
---------------------------------------------------------------------------

Previous analyses did not identify treatment status as an explanatory variable explaining the variation in total MRU-related costs. Therefore, descriptive statistics and a Wilcoxon rank sum test were used to compare MRU-related costs between SMV/PegIFN/R and TVR/PegIFN/R. In line with the result from the regression analysis, no significant difference could be found for the median total MRU-related costs between the two treatment regimens (Table S10, see ESM). The same was observed for each of the 13 sub-types of medical resource. None of the patients stayed in intensive care unit. Additionally, when considering only patients with a positive cost, no difference in total MRU-related costs was detected. Overall, median total MRU-related costs (IQR) among all patients treated with SMV/PegIFN/R and all patients treated with TVR/PegIFN/R were £45.22 (£347.80) and £63.71 (£378.50), respectively.

Discussion {#Sec16}
==========

SMV, a second generation of direct-acting antiviral HCV, led to high cure rates among patients who had previously failed with PegIFN/R. In the ATTAIN study, a pivotal trial comparing SMV/PegIFN/R with TVR/PegIFN/R, one of the first proteinase inhibitors, MRU-related data were collected to get further insights in care provision to prior non-responder patients. Among the evaluated resources was hospitalization, which accounted for the largest share of the total MRU-related costs. Savings from reduced hospitalization could potentially provide room to further optimize treatment for patients with CHC. The present study shows how patient demographics, clinical characteristics and treatment features were associated with MRU-related costs for treatment-experienced patients infected with CHC.

Patient Demographics and Clinical Factors as Predictors of Total MRU-Related Costs {#Sec17}
----------------------------------------------------------------------------------

Of the demographic variables included in the analysis, age was found to be significantly associated with total MRU-related costs in univariate analyses; and with clinical factors and treatment features when evaluating interaction terms. Similarly, Gordon et al. found through a retrospective analysis of a medical and pharmacy claims database that an increase in direct healthcare costs associated with CHC corresponds with increasing age and disease severity \[[@CR26]\]. Also, Razavi et al. showed higher costs in patients experiencing decompensated cirrhosis \[[@CR27]\]. Our results further align with what was previously reported in the literature; that is, progression to cirrhosis is associated with older age and high BMI \[[@CR28]--[@CR31]\], which leads to additional costs. This finding underlines the importance of closely monitoring disease progression in older patients. Older patients are exposed to many debilitating conditions such as arthritis, depression, fatigue and anaemia; conditions with symptoms that also accompany CHC. Hence, detecting CHC might be challenging in older patients, given the underestimation of its true prevalence among aged patients, who are more likely to develop advanced liver disease \[[@CR32], [@CR33]\]. Observations from other studies reported that anaemic patients were more likely to be older, to be female and to have lower BMI \[[@CR34]--[@CR36]\].

Male gender was also identified as a predictor of total MRU-related costs when included in interaction with F3--F4 and BLVL, and with SVR12 and BLVL. Multivariable logistic regression with F3--F4 as the dependent variable indicated that advanced fibrosis strongly affects the likelihood of achieving SVR12. In a study investigating the efficacy and safety profiles of PegIFN/R in older patients with chronic hepatitis C, Oze et al. reported that the progression of liver fibrosis or the decrease of drug exposure concomitant with age could account for the reduction of SVR rate among these patients \[[@CR37]\]. Using univariate and multivariable analyses to determine the factors associated with high SVR24 rates in a cohort of treatment-naïve and prior non-responder patients that received TVR/PegIFN/R, Colombo et al. identified the following predictors of SVR24: bridging fibrosis, genotype 1b, any previous response other than null response, baseline viral load (\<800,000 IU/mL) and alpha fetoprotein concentration (\<10 µg/L) \[[@CR38], [@CR39]\]. Our results confirm that patients who achieve SVR12 consume less medical resources; an effect, however, dependent on BLVL and liver fibrosis stage in treatment-experienced patients. This probably explains why the interaction term gender × SVR12 × BLVL was no longer significant in multivariable regression analysis upon the inclusion of the interaction term gender × F3--F4 × BLVL. F3--F4 is likely a stronger predictor than SVR12 on the MRU-related costs, and diminished its effect. This is clear from the strong correlation between F3--F4 and SVR12.

In the currently studied population, total MRU-related costs were significantly lower in male patients with F3--F4 METAVIR score and low BLVL compared with their equivalent female patients with high BLVL. Consequently, it is important to monitor liver disease severity and BLVL together and not independently as these parameters can reduce total MRU-related costs significantly when patients with CHC are treated early. Such an outcome has substantial implications when evaluating, for example, treatment strategies against HCV before and after liver transplantation in patients with advanced liver fibrosis \[[@CR40]\]. It has been reported that spontaneous clearance of HCV after transplantation is rare while reinfection of the allograft is common; therefore reducing the prognosis of these patients \[[@CR41]--[@CR44]\]. Adopting antiviral drugs that could eradicate the virus from the bloodstream and reduce the risk of reinfection of the allograft could then potentially generate substantial savings in MRU-related costs and improve the condition of the patient.

The second interaction effect on total MRU-related costs was BMI × F3--F4 × prior response to PegIFN/R. This result confirms the positive correlation between high BMI, the pathogenesis of steatosis and fibrosis, and the fact that high BMI has been reported to be an independent risk factor for non-response to antiviral therapy \[[@CR45]--[@CR47]\]. It might not be surprising to observe lower total MRU-related costs in prior partial responders than in prior null responders to PegIFN/R with severe liver fibrosis. This is the consequence of (1) higher BMI and older age being associated with severe liver fibrosis, (2) patients with severe liver fibrosis being less likely to achieve SVR than those with mild to moderate liver fibrosis and (3) in the current setting, the average BMI being lower in prior partial responders with F3--F4 METAVIR stage than their equivalent null responders to PegIFN/R. Loss of weight should thus be considered when treating prior non-responders to PegIFN/R with advanced liver fibrosis.

Region was further detected as a predictor of total MRU-related costs. South American patients showed lower total MRU-related costs than European patients. Number of visits to a physiotherapist and associated costs were higher among South American than European patients whereas the number of visits to the primary care physician were lower among South American patients compared with European patients (data not shown). The higher unit cost for primary-care physician visits than for physiotherapist visits explains why lower MRU-related costs were observed among South American patients. This indicates that patients' access to specialists is to be taken into consideration to manage non-drug MRU-related costs.

This study has also identified factors predictive of adverse events in prior non-responders to PegIFN/R treated with SMV/PegIFN/R and TVR/PegIFN/R. Female gender, older age and low BMI were predictors of anaemia; an observation confirmed in previous publications and irrespective of naïve and experienced treatment populations \[[@CR34]--[@CR36], [@CR48]--[@CR50]\]. In a review article, Boccaccio and Bruno further emphasized the higher risk of anaemia in older patients treated with TVR/PegIFN/R \[[@CR51]\]. With respect to rash, Smith et al., in a retrospective observational study, indicated that actual body weight and BMI appear to be related to rash development in patients treated with TVR/PegIFN/R, and suggested that this finding may have implications in the treatment of HCV with SMV/PegIFN/R \[[@CR52]\]. Roujeau et al. further reported that the incidence of TVR-related dermatitis was significantly higher with age \>45 years, BMI \<30 kg/m^2^, White race, and if receiving therapy for HCV for the first time \[[@CR53]\]. In a meta-analysis performed by the Canadian Agency for Drugs and Technologies in Health, no consistent increased risk of rash was found between BCP or TVR and SMV in treatment-experienced patients \[[@CR54]\]. The ATTAIN head-to-head trial further confirmed the superior safety profile of SMV/PegIFN/R compared with TVR/PegIFN/R for anaemia, pruritus and rash \[[@CR9]\]; therefore limiting the extrapolation of the risk profile of TVR/PegIFN/R to SMV/PegIFN/R as suggested by Smith et al. Finally, this study shows also that SVR12 achievers were more likely to be exposed to multiple adverse events and neutropenia. It is well acknowledged that interferon (IFN) therapy causes a decrease in neutrophil counts, as a result of bone marrow suppression \[[@CR55]\]. Retreatment of prior non-responders to PegIFN/R with an IFN-based regimen increases their exposure to IFN, potentially elevating the risk of neutropenia.

Differences Between SMV/PegIFN/R and TVR/PegIFN/R {#Sec18}
-------------------------------------------------

SMV/PegIFN/R was found to have a comparable impact on total MRU-related costs to TVR/PegIFN/R, despite its improved safety profile. This similarity in patterns of MRU-related costs between the two treatment options could be explained by factors other than the adverse events, including the stronger impact of disease severity on costs, the comparable efficacy between treatments, or by the fact that potentially not all the medical services were captured in this study.

Regarding the latter point, it should be noted that renal dysfunction (not captured in our data) is recognized as a side effect of TVR/PegIFN/R therapy \[[@CR51], [@CR56]\]. Identified factors associated with renal impairment when treated with TVR/PegIFN/R included advanced age and low initial haemoglobin levels. On the other hand, creatinine clearance was not found to influence pharmacokinetic parameters of SMV/PegIFN/R in pharmacokinetic studies in HCV-infected patients with mild to moderate renal impairment treated with SMV/PegIFN/R \[[@CR57]\]. Besides the care services captured in the present study, an assessment of resources required for the management of renal complications could thus have been of interest. Not only that, but also visits to dermatologists would have likely had an impact on MRU-related costs given that patients treated with TVR/PegIFN/R were exposed to a higher risk of pruritus and rash. These resources were not specifically captured in the clinical trial and thus were not included in the analyses described above.

Though well recognized as a major component of the overall care costs, the costs of drugs were not analysed in the current study. The rationale behind this approach was that there was no substantial difference in co-medication intake (defined as the treatment length multiplied by the dose frequency) and co-medication consumption (defined as the treatment length multiplied by the dose frequency and the unit of the dosage form---tablet/capsule or suspension) between the two treatment arms (data not shown). Moreover, the main costs would be related to the drugs acting directly against CHC, and these were also not different by treatment arm due to the similar price levels of SMV and TVR. Finally, this study primarily aims at identifying patient and treatment characteristics that would influence non-drug MRU-related costs, so that these could be better managed via the implementation of efficient care programmes as alternative routes so as to optimise clinical management and generate additional savings. Focusing on utilization management approaches has also been proposed for the three primary disease areas that account for the majority of the specialty drug spending, including autoimmune disorders, multiple sclerosis and cancer \[[@CR58]--[@CR60]\].

The comparison of the level of MRU-related costs with data from the literature was not evident given the lack of data on MRU-related costs for prior non-responders to PegIFN/R. However, our results aligned with the non-drug-related costs of £806 reported by Backx et al. in retreating non-SVR achievers with PegIFN/R; though the following medical resources were captured: outpatient clinic visits, HCV RNA tests, liver-related imaging, day-case visits (e.g. endoscopy, liver biopsy) and inpatient hospital stays \[[@CR17]\]. In another study, the costs in Germany were captured retrospectively. Stahmeyer et al. investigated the following medical services: doctor visits, diagnostic and laboratory tests, pharmaceuticals and inpatient care \[[@CR13]\]. The mean outpatient cost (including diagnostic procedures and excluding pharmaceuticals) was €1686. The average inpatient cost was estimated at €1293. Lastly, a Belgian study by Nevens et al. evaluated direct medical costs on the basis of hospitalizations, day-clinic visits, surgery/interventions, physician visits, and diagnostic tests and drug use over a 3-year follow-up period \[[@CR61]\]. Direct medical costs (hospitalization and ambulatory care) were estimated at €3609 for patients with mild CHC. Likewise, patients with moderate disease and cirrhosis without varices (abnormally dilated vessels) and those with cirrhosis and varices had an average non-drug-related cost of €3150 and of €6098, respectively. Conclusively, the direct comparison of MRU and MRU-related costs across these studies is challenging given selected patient demographic and clinical characteristics, study designs, treatment status (triple or dual PegIFN/R regimens), type of response (treatment naïve or experienced), healthcare provision and cost structures. Moreover, in these studies, antiviral therapy included exclusively PegIFN/R and thus did not include the effect of a protease inhibitor like this study did.

Finally, this study showed that the adverse events were significantly different between treatment arms and are therefore relevant to consider when selecting between treatment options for prior non-responders to PegIFN/R. Owing to the more favourable safety profile \[[@CR9]\], the similar drug price levels and the comparable MRU-related non-drug costs of SMV/PegIFN/R as compared with TVR/PegIFN/R, SMV/PegIFN/R could be suggested as an alternative to TVR/PegIFN/R for treatment-experienced patients, especially in national settings and in some subgroups of patients where an IFN-based regimen might still be used to limit the higher costs associated with an IFN-free regimen; and/or when justifications of the risk/benefit profile of antiviral combinations is required to support the medically accepted indication and reimbursement.

Strengths, Limitations and Future Directions {#Sec19}
--------------------------------------------

The multivariable OLS regression analysis predicted 9 % of the variance in total MRU-related costs, indicating the independent role played by age and interaction effects of gender, F3--F4 and BLVL; and of BMI, F3--F4 and prior response to PegIFN/R on total MRU-related costs patterns. Additional research would be required to identify other variables that could increase the predictive power of MRU and related non-drug costs in treatment-experienced patients.

As previously mentioned, there may be additional medical services, patient characteristics and treatment features that were not captured in the present study and that would have predicted substantial variance in total MRU-related costs. Moreover, the current study does not capture medication costs and laboratory tests but only the costs associated with providing specific outpatient care and hospitalization. Indirect costs were further not analysed.

The results from this study have strong implications for policy makers, especially with the arrival of new antiviral drugs and their combinations from late 2014 and beyond. New regimens have been explored including the SMV/SOF (sofosbuvir) combination, which was efficacious in null responders and treatment-naïve patients across all levels of liver fibrosis, as well as in patients with the Q80K polymorphism \[[@CR62]\]. SMV/SOF has further demonstrated efficacy in patients with previous protease inhibitor failure, despite retreatment comprising a protease inhibitor \[[@CR63]\]. Prior non-responders are traditionally considered as a difficult group to treat and, because treatment for CHC began as early as the 1990s, many of those living with HCV today are considered treatment-experienced patients \[[@CR64]\]. With cure rates higher than 90 %, the difference between new regimens and their effective and safe combination (including decreased drug interactions, adverse events, side effects and improved dosing regimens) will likely lie in the ease of use (e.g. reduced pill burden), the shortened treatment duration, costs and the high barrier to HCV resistance. Access to care will then be an increasing point of focus; hence the importance for policymakers to implement early-stage curative strategies to avoid disease progression and cost burden.

This study advocates the simultaneous monitoring of liver disease severity and BLVL in special and difficult-to-treat populations based on age, gender and BMI. Further research is required to comprehend how patient demographics, clinical characteristics and treatment features of IFN-free regimens in staged treatment alternatives would improve non-drug-related savings and efficiency in care delivery for PegIFN/R and proteinase inhibitor-experienced patients.

This study also has implications in national settings and in some subgroups of patients where an IFN-based regimen might still be used to limit the higher costs associated with an IFN-free regimen, and/or when justifications of the risk/benefit profile of antiviral combinations is required to support the medically accepted indication and reimbursement.

Conclusion and Clinical Implications {#Sec20}
------------------------------------

In this population of prior non-responders to PegIFN/R, higher age and interaction effects between gender, F3--F4 METAVIR score and high BLVL; and between high BMI, F3--F4 METAVIR stage and prior response to PegIFN/R were found to be significantly associated with higher MRU-related costs. In addition, F3--F4 METAVIR score was a stronger predictor for costs than SVR12 in prior partial and prior null responders to PegIFN/R. This suggests that by starting treatment early, before CHC progresses, significant treatment costs can be avoided. Moreover, weight loss should further be encouraged in patients with CHC with a high BMI to avoid additional costs.

Although there was no significant difference in costs between treatment arms, SMV/PegIFN/R was associated with a significantly lower likelihood of having adverse events than TVR/PegIFN/R. This indicates that adverse events are an important parameter to take into consideration for the choice of treatment.
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